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BACKGROUND OF THE INVENTION 

This invention relates to integrated inductors on Integrated Circuits (ICs) and in 
particular to ICs manufactured with modern fine-line CMOS processes that are capable of 
operating at a frequency of several GHz. 

Integrated inductors are being integrated into ICs because modern fine-line CMOS 
processes are capable of operating at a frequency of several GHz. The processes and 
technology are readily available from multiple foundry sources to achieve this level of 
performance. Accordingly, many design engineers at "fabless" semiconductor companies, 
design integrated "on-chip" inductors into ICs that operate at high frequencies. 

One of the drawbacks of prior art "on-chip" inductors is the low Q, or quality 
factor, of the integrated inductor. The low Q limits the performance of the integrated 
inductors. One reason for this low Q is the unwanted dissipation of energy in the 
semiconductor substrate as is discussed in Yue, et al. A Physical Model for Planar Spiral 
Inductors on Silicon, Int. Electron Devices Meet. Tech. Digest, 1996, Dec. 196, pp. 155- 
158; which is incorporated herein by reference. 

Various techniques for increasing Q have been tried, including the use of substrate 
material having a high resistivity, see Ashby, et al., High-Q Inductors for Wireless 
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Applications in a Complementary Silicon Bipolar Process, IEEE Journal of Solid-State 
Circuits, vol. 31, pp. 4-9, Jan. 1996; also incorporated herein by reference. Etching a pit 
or trench below the inductor was discussed in Chang, et al., Large, Suspended Inductors 
on Silicon and Their Use in a 2-mm CMOS RF Amplifier, IEEE Electron Device Letters, 
vol. 14, pp. 246-248, May 1993, and using a ground shield between the inductor and the 
substrate was discussed in Yue, et al., On-Chip Spiral Inductors with Patterned Ground 
Shields for Si-Based RF IC's, IEEE Journal of Solid-State Circuits, vol. 33, pp. 743-751, 
May 1998; Rofougaran et al, A 1GHz CMOS RF Front-End for a Direct Conversion 
Wireless Receiver, IEEE Journal of Solid-State Circuits, vol. 31, pp. 880-889, July 1996; 
and Tsukahara et al., A 2GHz 60dB Dynamic-Range Si Logarithmic/Limiting Amplifier 
with Low-Phase Deviations, in Int. Solid-State Circuits Conf. Dig. Tech. Papers, Feb. 
1997, pp. 82-83; all of which are incorporated herein by reference. 

Another technical reference which discusses some limitations of real-world 
integrated circuit inductors is On-Chip RF Spiral Inductors and Bandpass Filters Using 
Active Magnetic Energy Recovery, by Wu and Chang, was published in the Proc. IEEE 
Custom Integrated Circuits Conference, May 2002, pp. 275-278. This paper discusses an 
active circuit which may be used to enhance the Q of integrated circuit inductors. It does 
not address the issue of increasing the operating frequency of the inductor circuit. 

US Patent 6,233,012 granted May 15, 2001, is entitled Parasitic Capacitance 
Reduction for Passive Charge Read-Out by Guerrieri et al. describes a integrated circuit 
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with a driven shield underneath a sensitive lead that has some finite capacitance. This 
reference shows that the capacitance to the shield underneath can be made to effectively 
be eliminated by using a unity-gain amplifier to drive the shield. In this reference, the 
sensitive lead is at an equipotential, and so is the shield. So even though this sensitive 
lead may cover some significant physical area, a single shield, of one potential, is 
adequate to cancel the oxide capacitance of interest. 

The article On-Chip Spiral Inductors with Patterned Ground Shields for Si-Based 
RF IC's, shows that a solid metal sheet below the inductor provides shielding from the 
substrate, but incurs losses due to induced eddy currents. This reference also shows that 
by cutting small slits in the otherwise continuous metal sheet below the inductor, the 
losses due to these eddy currents may be eliminated and the overall inductance and 
quality factor of the inductor may be improved. While this technique offers some 
improvements (a reported 33% improvement in the Q at 2 GHz), the bottom plate is in 
close proximity to the relatively large surface area of the inductor, and as such forms a 
parallel-plate capacitor with significant capacitance. This capacitance reduces the self- 
resonant frequency, and can limit the overall frequency performance. However, as 
mentioned at page 749 of the article, there are almost no substrate losses. 

Therefore it is desired to have an integrated inductor that does not have significant 
substrate losses, and one which has a high self-resonant capacitance, thus allowing very 
high frequency performance. 
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SUMMARY OF THE INVENTION 

An integrated circuit is disclosed that includes a semiconductor substrate having a 
major body portion with a conductive layer having a predefined boundary and located on 
a first surface of the major body portion. An insulating layer is located over the 
conductive layer, over which an integrated inductor is located. An amplifier is connected 
between the integrated inductor and the conductive layer. 

The integrated inductor can be divided into joined segments of equal length or 
inductance with buffer amplifiers connected between the joints of the segments and the 
conductive layer. 
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BRIEF DESCRIPTION OF THE FIGURES 



Figure 1 An integrated inductor, with driven shield; 

Figure 2 A high frequency differential amplifier, including a first and second tank 
circuit; 

Figures 3 A waveform representing a one lump shield for increasing integrated 

inductor performance; 
Figure 4 A two lump shield with buffer amplifiers driving the segments; 
Figure 5 A two lump shield with source followers driving the segments; 
Figures 6 Waveforms representing a two lump shield for increasing integrated 

inductor performance; 
Figure 7 A sectional view of the integrated circuit 500; 
Figure 8 A top view of the lower shield 400; 

Figure 9 A waveform representing a three lump shield for increasing integrated 

inductor performance; and 
Figures 10 Techniques for developing the voltage for driving the segments of the 

shield. 
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DETAILED DESCRIPTION OF THE EMBODIMENTS 

The solution herein identifies a method and device for increasing the self-resonant 
frequency of an integrated inductor without increasing the substrate loss, and as such, 
results in further improvements the operating frequencies of the tank circuit. 

The basic idea is to utilize a buffer amplifier 10 of figure 1 to drive a conductive 
plate 100 beneath an inductor 12 with a signal that closely approximates the average 
signal across the inductor. If the ac voltages on both plates of a parallel-plate capacitor are 
the same, such as the capacitance created between the inductor 12 and plate 100, then this 
capacitance does not charge or discharge at signal frequencies, and its effective value in 
the circuit disappears. This technique may be used to reduce the capacitance seen by an 
integrated inductor. 

The solution for improving both the operating frequency and the Q of the 
integrated inductors uses the buffer amplifier 10 to drive the shield 100 that is physically 
below the integrated inductor 12 with a voltage that minimizes the self-capacitance of the 
inductor 12 and shield 100. Because integrated circuit inductors can occupy a significant 
amount of physical area, an equipotential shield 100 is found to have different 
capacitance compensation at one end of the inductor than at the other end, as will be 
explained later. 

As integrated inductors can occupy a significant amount of area, an equipotential 
shield 100 is found to have different capacitance compensation at one end of the inductor 
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than at the other end. Figure 2 illustrates a typical high-frequency differential amplifier 
circuit 200 that includes a first tank circuit Tl and a second tank circuit T2, acting as a 
load for the differential amplifier. Tank circuit Tl includes an inductor LI and a capacitor 
CI, which is selected to tune the tank circuit Tl to its operating frequency having already 
considered any parasitic capacitance. Tank circuit T2 includes an inductor L2 and 
capacitor C2 similarly, selected to tune the tank circuit T2 to its operating frequency. 
Transistors MN1 and MN2 are the active gain elements, biased up to a desired current 
level by means of the tail current source II. Vdl and Vd2 are the single-ended ac voltages 
appearing at the drains of the transistors MN1 and MN2. 

Prior art circuits had a shield underneath the inductor, but this shield was biased at 
a fixed potential, and created a significant capacitance with the integrated inductor. In 
order to improve the frequency performance of the circuit of this invention, the shield will 
be driven with an ac potential that effectively reduces at least some of the capacitance of 
the shield, as shown in Figure 1. In this circuit with an equipotential shield, the driving 
voltage that provides the greatest capacitance compensation for the shield is an ac voltage 
at the electrical midpoint of the inductor LI or L2 with the ac value of either Vdl/2 or 
Vd2/2. This potential may easily be selected at the appropriate point of the inductor, 
between the drain of transistors MN1 or MN2 and the supply rail, Vdd. Alternative ways 
to obtain the correct driving voltage include using ground instead of Vdd, as is well 
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known by persons of skill in the art, by recognizing that either Vdd or ground is ac 
ground. 

Figure 1 shows a single shield segment driven by single potential, Vdl/2, with the 
potentials at either end of the inductor being respectively Vdl and Vdd. Since we are only 
interested in small signal ac voltages, Vdd is known to be ac ground, or zero. The voltage 
difference between the shield and any point on the inductor is linearly related to the 
length of the inductor. By using piece-wise linear analysis, and eleven pieces of the 
inductor, Figure 3b shows the potential difference between the one piece bottom shield 
and eleven portions along the length of the inductor. It is seen that the potential difference 
is zero for the center piece labeled 14. This potential difference is zero because the shield 
is driven by a signal equal to Vdl/2. For this center segment 14, since there is no ac 
voltage appearing across the capacitance associated with segment 14, there is no effect to 
this segment associated with this capacitive segment. Figure 3b also shows that the farther 
away from center segment 14 one goes, the greater the potential difference grows in 
absolute magnitude. 

The driving voltage that provides the greatest capacitance compensation for the 
shield is an ac voltage at the electrical mid-point, Vdl/2 or Vd2/2 between the drain of 
transistors MN1 or MN2 and the supply rail, Vdd. Alternative ways to obtain the correct 
driving voltage include using ground instead of Vdd, as is known by persons of skill in 
the art, by recognizing that either Vdd or ground is ac ground. 
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The correct voltage vs. electrical length using the single segment equivalent of the 
distributed system shown in Figures 3a and 3b. Referring to Figure 3a, a line 101 
illustrates the voltage that is distributed across the inductor 12 and the resulting 
capacitance. Figure 3b represents the potential difference between the equipotential 
shield, and eleven segments of the inductor. Figure 3b curve 103 illustrates the voltage 
being divided into eleven segments ranging from Vdl/2 to -Vdl/2. Using the eleven-lump 
equivalent of the inductor, and the shield that is driven by a single voltage, one sees that 
there is only one sub-segment 14 that is driven by the optimum voltage for capacitance 
cancellation. In addition there are an equal number, 10, of sub-segments that are driven 
with a voltage greater than the correct voltage or less than the correct voltage. In Figure 
3 c calculations show that a single shield such as that of Figure 1 can improve the 
capacitance cancellation by a weighted average of 73%. Thus, using this single-potential 
driving method, the overall cancellation of the capacitance is approximately 73%, which 
means that the overall capacitance between inductor 12 and the shield 100 is reduced 
73%. This reduction in the capacitance that the inductor must drive can result in an 
improvement of its self-resonant frequency by 73%. 

Increased compensation of the capacitance to the shield may be obtained by 
breaking the shield into more lumps than the single lump described above. For a two- 
lump solution, the shield is broken into two different portions, and both are driven with 
different potentials that minimize the overall capacitance between the inductor and the 
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shield. An equivalent schematic is shown in Figures 4 and 5, where buffer amplifiers 23 
and 24 with unity-gain amplification are shown connected to the inductors Ll ? L2 of the 
load of MOS transistor MN1. Persons of skill in the art will recognize that there are many 
ways to create these unity-gain buffers, not only including closed-loop amplifiers, but 
open-loop amplifiers, such as the source followers MN2, MN3 and current source I, as 
shown in Figure 5. 

Figures 6a and 6b show that the shield is broken into two portions, whereas the 
inductor is separated into two portions, 300 and 400, in order to obtain the voltages to 
drive the inputs of the unity-gain amplifiers 23 and 24. 

Dividing the shield 100 into more than one piece such as 300 and 400 is important 
for integrated inductors, because integrated inductors occupy significant area on the chip. 
For example, for a reasonable amount of inductance such as 5-10nH, the inductor may be 
300 microns or more in diameter. Thus, the integrated inductor does not act like a lumped 
component, but instead, has its inductance distributed over a relatively substantial area of 
a chip. 

For a two-segment implementation, the correct driving voltage is shown 
approximated by piece-wise linear steps in Figure 6a. This implementation is much like 
that shown in Figure 3a, with the exception that there are two such segments for Figure 6a 
and 6b, and the overall error between sub-segments is reduced when compared to the 
previous one-lump solution of figures 1 and 3. Using the two-lump solution, the amount 
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of capacitance compensation that is obtained is approximately 86%, which amounts to an 
86% improvement in self-resonant frequency, and an 86% improvement in maximum 
operating frequency compared to the prior art solution where the shield is not driven. 

A sectional view of an Integrated Circuit 500 is shown in figure 7 to which 
reference should now be made. There is show a major body portion 501 of silicon over a 
substrate 503. A dual section shield 400 is located beneath the integrated inductor 12 and 
separated therefrom by an insulating layer 504 such as silicon dioxide. There is an 
additional insulating layer 505 covering the integrated inductor 12. 

A top layout view of the lower shield 400 as seen from dimension arrows VIII- 
VIII is shown in Figure 8. The lower shield 400 may be polycrystalline silicon, metal, or 
another similar conductive materials. The integrated inductor 12 may be polycrystalline 
silicon, metal, or otherwise suitable conductor, and might also be comprised of some 
combination of these. The lower shield 400 is divided into two segments an inner 
segment 402 and an outer segment 401. The inner segment 402 and the outer segment 401 
are slotted by slots 403 to reduce unwanted eddy currents. 

It is known that the quality factor of the inductors may be improved by utilizing 
multiple levels of conductor for the top conductor of the inductor in parallel, thus 
reducing the overall series resistance of the spiral (or approximate spiral). 

Increased capacitance compensation may be obtained by breaking the shield into 
more than two segments as shown in Figure 9. The capacitive compensation obtained by 
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increasing the number of shield segments from two to three, goes from 86% to 91%. This 
relatively small increase may not be justified by the additional layout complexity 
involved in segmenting the shield. 

Figure 10a is a differential half circuit, representative of the schematic shown in 
Figure 1. Figure 10b shows an alternative technique to create the appropriate driving 
voltage for driving a single segment shield. A resistive voltage divider with equal-valued 
resistors Rl and R2 is shown followed by a unity-gain amplifier. The ac driving voltage is 
Vdl/2, and is the same potential as previously described by tapping a voltage at the mid- 
point of the inductor. Because the quality factor of the inductor is dependent upon the 
resistance of the metal spiral, it may be desirable to utilize every available metal layer in 
the IC process to create the lowest resistance inductor possible. This approach would 
create metal spirals with one or more metal levels, each hooked electrically in parallel, 
thereby reducing the overall resistance of the inductor. Therefore, in order to obtain the 
lowest resistance, highest-Q inductor, all metal levels are used in creating the spirals, and 
hence there would not be a free level in order to reach into the inside of the inductor, and 
bring the tapped voltage out. The resistive divider of Figure 10b can create the right 
driving potential without having to actually tap the inductor itself, leaving all metal layers 
available to minimize the resistance. Figure 10c shows a different driving scheme, 
whereby the gain of the buffer amplifier Cs is 0.5 V/V. The output of this amplifier can 
then drive the shield signal right at the inductor, Vdl, is buffered by an amplifier, which 
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is followed by an attenuator, which in turn can drive the shield. Finally, in Figure lOd, 
another scheme is shown whereby the inductor is tapped and it drives the shield directly. 
While not shown, the driving voltage may be created by some combination of resistive 
divider and gain of the amplifier. For example, if a source follower amplifier is used, with 
a gain of 0.9V/V, then a resistive divider with attenuation of 0.555 might be used in order 
to deliver a driving voltage of Vdl/2 for the single shield shown in Figures 1 or 10. 

While for simplicity, the above alternative drive circuits were shown to have only 
one lump of shield, it is understood that multiple lumps are possible with these driving 
methods. 

The above idea teaches that the capacitance of the inductor may be affected by the 
ac driving voltage from a resistive divider. This idea may be extended to allow the LC 
tank circuit as it is used in the application to be tuned to the desired frequency of interest. 
There are many circumstances where an LC tank circuit is intended to be operated where 
the signal frequencies are pre-defined, perhaps due to system requirements. In this 
situation, the center frequency of the tank may need to be at the center of the frequency 
band of interest. This circumstance most often requires the adjustment of capacitance 
associated with the inductor in order to tune the tank circuit to the center frequency of 
interest. This requirement is true even for tank circuits in integrated circuits, where the 
absolute control of capacitance or inductance as fabricated is not precise enough for many 
applications. So in this case, extra capacitors are integrated onto the chip, and then either 
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through an algorithm implemented in logic, or through a one-time trimming event, the 
desired amount of capacitance is added in small increments to the inductor to adjust the 
center frequency to the desired point. Instead of using separate discrete capacitors, the 
voltage may be varied upon the shield in order to tune the center frequency of the tank to 
the desired frequency. This may be accomplished by using either volatile or non-volatile 
adjustment circuits. Non-volatile adjustments are well known for integrated circuits, and 
include zener zap, laser trimming, EPROM and others. Volatile adjustment circuits are 
also well know, and include logic circuits in conjunction with a DAC in order to create 
the desired ac driving voltage using either resistive dividers, MDACs, voltage-controlled 
amplifiers, or other known circuits. 

It is clear from the previous examples that desirable improvements in operating 
frequency may be obtained with less than perfect cancellation voltages on the various 
shield portions, and less than perfect alignment of the shield to the inductor. It should also 
be clear that some cancellation of the capacitance associated with the integrated inductor 
is possible if an appropriate ac voltage is applied to any portion of a shield, regardless of 
how this voltage is created, either with or without an amplifier of any type. 
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